It has been recently claimed that the outcome of competition between two phenotypically indistinguishable strains cannot be predicted from comparisons of their respective performances against a mutant tester stock. Our aim in the present paper is to disprove this claim and to show the potential pitfalls of deriving conclusions from a statistical analysis of experimental designs commonly employed for the study of competitive interactions in genetically homogeneous and heterogeneous mixtures. Using our own data, we conclude that evaluating the competitive interactions of phenotypically indistinguishable wild-type strains by competing them against mutant marked stocks still remains a valuable method.
Introduction
In a recent report Adell et al. (1990) analysed the competitive abilities of two phenotypically indistinguishable wild-type strains of Drosophila melanogaster by competing them against eight different mutants. They used the substitution experimental design (Mather & Caligari, 1981) and found that there was inconsistency in the results of duocultures when any of the wild-type strains were compared to the mutants. As a result, the authors claimed that 'there is no way of comparing two strains with identical phenotype by means of using a third, marker strain'.
An attempt by L. Partridge and K. Fowler (unpublished observations) and M. Santos et a!. (unpub- lished observations) to assess the correlated responses that selection on thorax length in Drosophila may have on competitive ability during the pre-adult period used lines of flies artificially selected for large thorax length and control lines and they competed them to various extents against mutant-marked base stocks. This procedure was necessary given that the means to distinguish phenotypically the large and control lines was not available as they had overlapping distributions for thorax length under conditions of larval crowding. If the claims raised by Adell etal. (1990) are correct, then a valid conclusion cannot be obtained from this proce-*permanent address: Departamento de Genética y MicrobiologIa, Universidad Autónoma de Barcelona, 08193 Bellaterra The purpose of this paper is to show that the above conclusion is not valid, and to warn against drawing apparently simple conclusions from a quick statistical analysis of the data obtained using the experimental approach devised by Mather & Caligari (1981) . At least in some cases, the inconsistencies revealed may result from features of the experimental design. A detailed analysis of a subset of our own data is presented to illustrate the point.
Materials and methods

Strains and fly handling
The strains of Drosophila melanogaster used in this experiment were as follows. 1 The wild-type Dahomey (D), collected in Dahomey in 1970 and maintained since then mass-mated in population cages in 25°C. They were subject to 12:12 light/dark cycle with uncontrolled humidity by introducing three one-third pint bottles containing 60 ml of fresh Edinburgh medium (Fowler & Partridge, 1986 ) once a week and removing them after 4 weeks.
2 A hybrid strain obtained from four laboratory lines (L1-L4) that were derived from the Dahomey wildtype base stock (Wilkinson et a!., 1990; L. Partridge & K. Fowler, unpublished observations) . These lines were each selected for more than 200 generations for increasing thorax length by picking the 10 largest pairs of flies per line from the first 25 pairs to eclose from one-third pint bottles with 60 ml of fresh Edinburgh medium. These lines were maintained at 25°C and the generation time was about 2 weeks.
3 A hybrid strain obtained from four laboratory lines (C1-C4) that were also derived from the Dahomey wild-type base stock. All the procedures were as in 2 except that the 10 pairs of flies needed to start each generation for each line were randomly picked from the first 25 pairs to eclose, so these lines served as the control for the selection programme. The hybrid strains for the large (L) and control (C) flies were obtained as follows (for illustration, we will refer to the Li -L4 lines, but the same applies to the Cl-C4 lines): Li x L2 and L3 )< L4 reciprocal crosses were made by allowing 40 virgin females and 40 virgin males (3-5 days old) to mate and to produce offspring for 96 h in one-third pint bottles with 60 ml of Edin- males and 40 (20 + 20) females from the L3 XL4 crosses, using the same procedure. The flies raised from these crosses were mixed in equal proportions and used as the parents of the first instar larvae needed for the experiment. To standardize the conditions of rearing of all strains, the flies from the Dahomey wild-type base stock and from the two mutant marker strains were also raised in one-third pint bottles in the same way as the L and C strains. All fly handling was carried out at room temperature using CO, anaesthesia on adults not less than 3 h from eclosion.
Experimental design
The experimental design to test the competitive abilities of the wild-type flies against the mutant stocks consisted of adding different numbers (X = 30, 60, 120 and 210) of first instar larvae (± 2h) of the same genotype (monocultures) or the mutant genotypes (two series of duocultures) to a reference number (N= 30) of large, control and Dahomey larvae [i.e. the addition experiment in Mather & Caligari (1981) 1.
First instar larvae from the five strains were collected with a small spatula from spoons containing grape juice medium (made by adding 450 ml of sweetened grape-juice and 60 g agar to 800 ml of water and allowed to set in the spoons; see Fowler & Partridge, 1986) on which females had been allowed to lay eggs for 2 h the day before. The 4,950 larvae used in each replicate (see below) were a random sample of the larvae obtained from 8,500 mating pairs (1,500 mating pairs for each of the three wild-type strains and 2,000 for each of the mutant stocks). The mating pairs were kept in groups of 100 in cylindric plastic containers with the spoons containing the grape juice medium at the bottom. These flies were continuously fed by adding live yeast to the surface of the medium. However, no live yeast was added to the surface of the spoons needed for collections of first instar larvae as this could have introduced variations in the amount of yeast available per culture.
All cultures were set up in vials (75 mm depth, 25 mm diameter) containing 3 ml 2.5 per cent agar gel as a non-nutritive base and 3 ml of food medium added after the agar cooled. The food medium was made by For 10 days from the time of first adult emergence, all cultures were examined twice daily (08:00-11:00 and 19:00-23:00). Emerged adults were placed in small vials at -20°C for further analysis in the month after emergence, when the numbers of wild-type and mutant flies emerging in each vial were recorded and used to calculate the proportion of wild-type first instar larvae successfully developing into adults (p).
Statistical aspects of the experimental design
The following is a summary of Mather & Caligari's (1981) Y=Xfi+e, where V is the n X 1 vector of observed values, fi is the k x 1 vector of parameters to be estimated (the number of independent variables is k -1), X is the n x k matrix of the values for a particular independent variable, and is the n x 1 vector of random errors. If the linear model is correct, the residual mean square provides an unbiased estimate of a2, the variance among random errors. However, repeated observations (true replicates) of the values of the dependent variable at a given level of the independent variables should always be included in this controlled experiment to obtain a direct estimate of a2 (pure error) which is independent of the choice of model. The estimate of pure error provides a basis to test the adequacy of the model being fitted by means of a conventional analysis of variance. If the two estimates of a2 are not statistically different from one another, we can pool them to obtain an estimate based on more degrees of freedom (Sokal & Rohlf, 1981, pp. 285-286) .
One important aspect of Mather & Caligari's (1981) experimental design is that the independent variables are not orthogonal. Hence, the partial regression coefficient and partial sums of squares obtained for an independent variable are the contribution of that particular variable after taking into account the effects of all other independent variables, and will not be the same if the general model is simplified by dropping an unimportant variable (i.e. a variable whose partial regression coefficient does not differ statistically from 0). Data manipulation and analyses were done on a Vax-8800 VMS at the Centro de Cálculo de la Universidad Autónoma de Barcelona. The statistical programs used were part of the BMDP Statistical Software (1988) . Each observed value of p was converted into an angle using the standard Pa=Sfl' -J angular transformation. In the duoculture series estimation of viabilities of wild-type flies, relative to those of mutants (spaPol or st), were expressed as the cross-product ratio v1=a/(b+ 1)XX730, where a and b are, respectively, the numbers of wildtype and mutant flies raised, and X1 is the number of mutant first instar larvae added to the standard 30 wild-type larvae. v1 is an unbiased estimator of the relative viability (Haldane, 1956) . For statistical analysis, this ratio was expressed in terms of natural logarithms to make sampling distributions more normally distributed (Manly, 1985, pp. 8-11 Bartlett's (1947) empirical correction of 0+1/ (4 N) where N is the reference number of seeded larvae, was used to replace the missing value for p. One degree of freedom was lost for this correction, although the effect is negligible and can be overlooked for practical purposes.
Results and Discussion
The angular transformed proportion of wild-type first instar larvae giving rise to adults (Pa) from the monoand duocultures are given in Table 1 (Rawlings, 1988, ch. 11) . Although a linear relationship between character and density is desirable from both the statistical point of view and for the biological interpretation of data, it is not essential for the purposes of the present paper. The estimates of the parameters obtained for the three wild-type strains, together with their standard errors and covariance among j3 within strains, are shown in Table 3a . It is clear that, at the reference density of 30 larvae per vial, the viability per larva of strains L and C does not differ significantly, but both values are significantly lower than that obtained for the Dahomey flies. For the L and C genotypes, the effects of intergenotypic competition seem to be greater than those of intragenotypic competition in both series of duocultures, the relationship being $m < !/dspaI </dst
In contrast, for the D strain, it seems that competition from spaP°1 larvae is less intense than that from individuals of the primary genotype, whereas competition from St larvae is stronger than from individuals of the same genotype.
In the addition design (Mather & Caligari, 1981) , the slope of the duoculture regression (/3d) measures the effect that the competitor strains have on the competitive success of the indicator or primary genotype. As the number of first instar larvae of the indicator genotypes remains constant throughout the duoculture density series, the amount of intragenotypic competition is also constant, and any difference in the regression slopes among indicator competitors must be due to the intergenotypic competition exerted by the associate genotype. Hence, comparisons among f3dspa and /3dst values from the three different wild-type strains will give us evidence about (i) the effect that selection for increasing thorax length has on larval competitive ability (L versus C), and (ii) the effect that adaptation to differences in culture conditions (e.g. low density and low or nil larval and adult competition in C1-C4 lines in contrast with high densities in population cages) has on competitive ability (C versus D). Analysis of covariance for equality of slopes revealed that the slopes of the variable Pa on the covariate Xd were not significantly different among the three indicator genotypes, whereas the regression lines for the covariate X1
were clearly non-parallel. From this analysis and the results of the two a priori planned comparisons, and also from the fact that fldspa does not differ statistically from 0 for the D strain, the following conclusion is reached about the competitive abilities of the three indicator genotypes against the two mutant stocks.
Mutant
Competitive ability spaP0 D C:C=L D=C>L Therefore, it seems that a conclusion (using the 5 per cent standard criterion to reject the null hypothesis) about the effect that selection or culture conditions have on larval competitive ability in Drosophila cannot be reached, because the relationships deduced are dependent on the mutant stock used as a competitor. The above inconsistencies apparently give support to the claims raised by Adell et al. (1990) . However, as /m does not statistically differ from 0 for the Control or Dahomey strains, and /3dspa does not differ significantly from 0 for the Dahomey strain, there is a problem about which variables should be included in the model. The analysis would be statistically straightforward if the independent variables were uncorrelated, because then the contribution of any of them to the variance of would be the same regardless of which other variables were already present, and the results from a single least squares analysis would then suffice. Non-orthogonality is always present in covariance of 1.05 between 3 within each indicator genotype as shown in Table 3a ). The selection of variables thus needs to be studied carefully. The purpose of the analysis will influence the manner in which the model is constructed; Hocking (1976) provides an excellent review of problems related to the elimination of variables in linear regression models.
In the present type of experiment, the usual objective is not a simple description of the behaviour of the response variable in a particular dataset, but estimation of parameters and understanding of the complex competitive interactions displayed by individuals of like or unlike genotypes. One should always be cautious in dropping variables when estimation of parameters is an objective in the analysis, as the variable dropped may truly affect the dependent variable. Taking the duoculture D/spa series as an example, it could be said that adding spaP°' larvae to the reference number N of Dahomey larvae will, sooner or later, significantly reduce the proportion of wild-type flies raised, so the variable Xdspa (i.e. the variable whose partial regression coefficient relates the change in Pa for the Dahomey strain to the increase in density in the duocultures with the spaPoI mutant) should be retained. However, there are risks in taking this decision. We may have no a priori expectation about the outcome of competition between two genotypes, and what might happen outside the range of the experiment can only be determined by collecting more data.
Simplifying the model
The present data can be used to illustrate the effect that simplifying the model can have on the estimates of /3, and how this can undermine the previous conclusions. In the present experiment the total number of variables is relatively small, and it is easy to compute all possible subset regressions to find the best model. The methods of forward stepwise selection and backward elimination of variables were both used and they identified the same best subset (Table 3b) . Estimates of standard errors in Table 3b were based on the residual mean square obtained after dropping 'unimportant' inde- Hence, the inconsistencies found in the earlier analysis disappear, and the conclusion is reached that larval St St mortality increases with body size and with evolution in the selection regime, whichever mutant is used as a tester stock.
Analysis of variance for the variable In v, As the conclusions about the competitive abilities of the three indicator genotypes using the linear regression approach of Mather & Caligari (1981) are model dependent, it is desirable to analyse the data from a different perspective. This has been done by means of a randomized block design analysis of variance using the variable in v1 (see Materials and methods) because the most obvious way to measure larval viability is to express it in terms of fitness values. Given that v1 can be written as pX1/( b + 1), the variables Pa and ln v are expected to be positively correlated. Pearson correlation coefficients for the 64 duoculture vials within each indicator genotype were 0.929 for L, 0.956 for C, and 0.804 for D. Table 4 shows the analysis of variance on the basis of 192 observations. The following findings emerge. First, there is a highly significant difference in viabilities among wild-type strains. Second, mutant-marked base stocks exert different competitive pressures against wild-type strains (St is a stronger competitor than spaP°). Third, relative viabilities seem to be frequency-and density-independent for C and D strains (albeit a slight but non-significant increase is observed in the D/spa and D/st duoculture series), whereas a decrease in relative viabilities for the L strain is observed as the frequency and density of spaP°1 and st mutant larvae increases, which results in a significant As discussed by Mather (1969, p. 536 ), competition will, in general, become more intense as the density of a population rises. Hence, 'a reduction in density will weaken the action of competitive selection and so reduce the fitness of the better than average genotypes and raise those of the less well-endowed types'. This is observed in the L/spa and List duoculture series, where the fitness of genetically large flies, relative to that of mutants, was frequency-and density-dependent with competitive ability decreasing as mutant frequency and density increased. This decrease is steep against the ct mutant, which was observed to be the strongest competitor (Tables 1 and 3 ). On the other hand, the fact that v remains approximately equal to one or even rises with density in the D/spa duoculture series (Table   1) confirms the small effect, within the limits of the experiment, that the addition of spaPo] larvae to a vial already containing Dahomey wild-type larvae has on the Dahomey absolute viability.
In summary, the conclusions obtained from the analysis of variance and the simplified regression model are fully consistent. Genetically large flies do suffer a higher pre-adult mortality with increasing density than their corresponding controls, and past experience in the selection regime does decrease larval competitive ability. This is true whatever mutant is used as the relative tester stock.
Turning now to Adell et al's (1990) paper, the intergenotypic effects of the eight mutant strains they used on the two wild-type ones (wild and Oregon-R) were estimated by subtracting the monoculture and duoculture slopes (fm -fld) given that, in the substitution experimental design Ød measures both intra-and intergenotypic competitive effects on the performance of the indicator genotype (Mather & Caligari, 1983; De Miranda & Eggleston, 1987) . However, the absence of detectable intragenotypic competition (/3,,, 0) was observed in the wild strain, and intragenotypic effects were the same as intergenotypic ones (/3d 0) in 19 per cent of the cases. It is not readily obvious from their paper how this would modify the conclusion reached if the 'all variables' model was simplified. In any case, they correctly pointed out that in those situations when the absence of intragenotypic competition is observed it might be better to analyse intergenotypic effects only. This can be done by using the variable v instead of the proportion of wild-type flies raised, as v illustrates clearly the changes in adaptive values of the various genotypes with density and frequency.
Conclusions
The objective of this analysis was to illustrate the effect that dropping unimportant independent variables in linear regression may have on the conclusions we obtained from Mather & Caligari's (1981) experimental design. Our aim was not to dismiss their approach to analysing competition phenomena. On the contrary, this is a very useful experimental design and can give, when used appropriately, important insights into the complex interactions displayed by organisms which are in competition with one another (Mather et al., 1982; Mather & Caligari, 1983; De Miranda & Eggleston, 1988; Hemmat & Eggleston, 1990a, b) . The method is an application of the powerful least squares estimation procedure to competition experiments but misinterpretation of the results can occur if this statistical tool is applied in an inappropriate way (see e.g. Wetherill, 1986; Rawlings, 1988) . Interpretation of the data may be difficult in more complex and less clearcut situations than the one reported in this paper. The duoculture series can be expanded as much as we want, with a corresponding increase in the dimensions of the X matrix (Mather & Caligari, 1981) . To compute all possible subsets to obtain the best one could become a major computing problem because the number of models to be evaluated increases exponentially (see Hocking, 1976 pp. 7-14; and Rawlings, 1988 ch. 7 ; for a discussion of this point).
The use of mutants as tester stocks has been widely used in fitness testing (e.g. Lewontin, 1955; Latter & Robertson, 1962; Bhalla & Sokal, 1964; Wallace, 1981, pp. 62-72; Sharp, 1982 Sharp, , 1984 . As far as the results of this paper are concerned, we have shown that evaluating the competitive interactions of phenotypically indistinguishable wild-type strains by competing them against mutant marker stocks remains, Adell et a!.
(1990) claims notwithstanding, a valuable and powerful method.
